high level of agreement with self-thinning rule of − 3/2. Values for the stand density index for coppiced oak woodlands were between more than 1000 for the least disturbed (Co) and less than 400 for the most disturbed woodlands (CoCG). The structure and growth rate of the coppiced oak woodlands were irreversibly disrupted by understory tillage plus grazing and in less extent by grazing alone. It was concluded that ending undergrowth cultivation in semi-arid oak coppices should be addressed as a priority by adopting minimum regulations.
Introduction
The continued degradation of semi-arid oak forests due to multiple and excessive use of land resources is a global problem (Kosmas et al. 2002; Plieninger et al. 2011 ). On the one hand, the traditional and mostly illegal extractions of wood and charcoal have transformed these forests into coppiced woodlands (Salehi et al. 2008; Bishop et al. 2018; Kabukcu 2018 ) as a result of the potent shooting capability of oaks. On the other hand, overgrazing and understory cultivation often lead to soil erosion and seedling recruitment failure (Dupouey et al. 2002) . The gradual decline of these woodlands is often described by setbacks in their boundary or decreases in their tree density (Pardo and Gil 2005; Soltani et al. 2015) . Certain sustainability indices of biodiversity and soil properties have also been considered in this regard (Kleine et al. 2009; Khaledian et al. 2012) . However, possible decreases in growth and yield of the coppiced oak woodlands under multiple land-use systems have received Abstract The present study examines the extent of negative effects of traditional multiple land-use systems on oak coppices, from a forest management point of view. The study area was located in approximately 10,000 ha of hilly Brant's oak (Quercus brantii Lindl.) woodlands in the central Zagros Mountains. In the same site-quality class, three land-use systems were compared: simple coppice (Co), coppice in conjunction with small ruminant grazing (CoG), and coppice with understory rain-fed wheat cultivation plus grazing (CoCG) . Data on total wood volume of trunk and major branches, and annual ring growth, were collected and analyzed from 74 stands in 15 coppiced woodland patches. The results showed the advantage of Co over CoG and CoCG land-uses by 43 and 60 m 3 of mean accumulated wood volume per hectare, respectively. The diameter growth analysis also revealed an annual increase in wood production of trees in Co land-uses over 43 years, with an exception of the recent decade, when growth coincided with a severe drought. Using a back-extrapolation method, the minimum rotation age of woodlands in Co land-use was found to be 23.6 years, 5 and 7 years shorter than those of CoG and CoCG land-uses, respectively. Unlike CoCG, woodlands located in Co and CoG land-use systems demonstrated a less attention. This lack of attention may be related to two issues. First, there is a general tendency to consider coppices as less susceptible to "further" excessive multiple land-uses when they are compared to high-forests (Sadeghi Kaji and Soltani 2017) . This assumption comes from the fact that the main competition for growing space in coppices occurs among shoots (raments) grown on each stool (genet), rather than between individual trees (rootstocks) (Johnson et al. 2009 ). Second, priorities have often been given to protection and not to rational planning of changes to the management of existing threatened coppices (Buckley 1992; Müllerová et al. 2015) .
Nevertheless, another alternative to the protection of the oak coppices is to have a moderate degree of hemeroby in order to convert them into other silvicultural systems like coppice with standards or high-forests (Mohajer 2013; Nyland 2016) . In that condition and to initiate the primary cutting programs, foresters have to know that to what extent the multiple land-uses affect the yield and growth of coppiced oak woodlands.
From the forestry standpoint, several criteria and techniques are available to measure the sustainability of forest yield and to evaluate the effects of man-made disturbances on a woodland (Fujimori 2001; Reid 2009 ). Maintenance of the productive capacity of forest trees is among the most widely used criteria, that can simply be represented by the accumulated wood crop and by the annual wood growth rate over a period of time (Xu et al. 1995) . Change in trajectory of extrapolated volume vs age curves is an old-school approach (Soares et al. 1995) , which can be expressed as the concept of minimum rotation age (Burkhart and Tomé 2012) . Another technique is to determine to what extent the relationship between the number of stems and the quadratic mean diameter of a pure fully stocked stand is diverted from the − 3/2 power rule (Yoda et al. 1963 ). If these relationships as they are formulated, are not valid, it can be speculated that the disturbances caused by multi-purpose land-uses might cause reversible/irreversible deleterious effects on wood yield, and thereby, in long term, on survival of the coppices.
The answer to the question of whether multiple landuses have any significant effect on the sustainability of the whole system (the forest) is not straightforward. To date, no research has been conducted on the assessment of loss of productivity of coppiced trees due to the possible stresses resulting from multiple land-uses.
Previous studies have examined two views on the subject. Either they had a positive opinion and pointed to the increase in carbon sequestration and the productivity of the system as a whole (Kumar and Nair 2011; Gordon et al. 2018) , or they echoed the undesirable socio-economic and ecological aspects of overgrazing and understory cultivation in woodlands (Le Houerou 2000) . Vincent and Binkley (1993) have theorized the latter view and questioned the economic benefit of multiple use of land in forestry in a sense of lowering forest commodity.
For foresters who wish, in addition to protection, to convert the natural oak coppicing systems, this study was intended to assess the impact of the two most common forms of traditional land-use systems (grazing and understory cultivation plus grazing) on wood yield and growth of coppiced oak trees.
Comparing stand yield and growth under these conditions has its drawbacks, since each land-use system can have different effects according to different indices used. In addition, trees in most semi-arid oak coppices in multi-land systems have a higher average age than trees in simple coppices. To overcome these problems and achieve the desired goal, the present study aimed to statistically compare the key attributes of coppiced oak stands under different land-uses: (1) wood volume production, after age and site productivity corrections; (2) mean annual ring growth of the trees after sample standardization; (3) minimum rotation age required for production of poles for rural household needs; and (4) general self-thinning relationship of stands base on the − 3/2 power rule and its related stand density index (SDI).
Materials and methods

Study area
The study area is located between 31°54′45″ and 31°57′21″ N latitude, 50°30′46″ and 50°33′50″ E longitude, in the central Zagros Mountains with an average altitude of 1871 meters a.s.l. Seventy-four stand patches of pure, even-aged Brant's oak (Quercus brantii Lindl.) coppices were randomly selected in 15 main woodland districts ( Fig. 1) . None of the patches were less than 3 ha. They were visually homogeneous in terms of land-use and the uniformity of the tree distribution. The Provincial Natural Resources Bureau has documented their past or present history well. According to the Köppen climate classification, the region has a cold semi-arid climate.
These stand patches have been under different land-uses over the last five decades. Three forms of completely separate land-uses have been observed: (1) simple coppice, with no grazing or cultivation activity (hereafter referred to as Co); (2) coppiced woodlands used intensively as range land for moving livestock, mainly sheep and goats (CoG), and (3) coppiced woodlands with both understory rain-fed wheat cultivation (for part of the year) and grazing (CoGC).
Data collection
Quadratic mean diameter at ground level (D q ), i.e., the diameter of average basal area, (with 5 mm accuracy) and height (with 5 cm accuracy) of shoots thicker than 10 cm in diameter (a common local minimum diameter for charcoal production) were collected in 0.1 ha plots, which were randomly distributed on a 50 × 50 m grid cells across each stand patch. In each plot, the height of the tallest tree was recorded as the dominant height (h d ). The volume of trunk and main branches (V t ) for every shoot in each plot was estimated by a combination of Hohenadl's form quotient for small trees (Laar and Akça 2007) and locally developed allometric equations (Askari 2017; Iranmanesh 2013 ). In addition, in each patch, the V t of shoots belonging to the dominant trees (trees with the tallest shoot) was measured after felling the shoots.
Average age and mean annual tree growth were measured either by extracting discs from the base of fallen shoots or by extracting core samples from the tallest standing tree in each plot. Using ImageJ 1.5 (Schneider et al. 2012 ) on magnified scaled images, the annual ring widths were measured for the last 43 years with an accuracy to 0.1 mm. The method of standardization with constant cambial age (Fritts 1976 ) was used to overcome the cambial aging problem. As a result of the standardization, only 12 of 74 patches with an average age of 57 ± 5 years were used for annual mean diameter growth comparisons, creating four replicates in each land-use system. The annual records of total precipitation since 1994, the main climatic factor affecting the width growth of Brant oaks in the region (Esmaeili 2013) , were obtained from the Ardal Synoptic Meteorological Station (32.01°N, 50.66°E; 1875 m a.s.l.) (Chaharmahal Va Bakhtiari Meteorological Administration 2018).
Data analysis
The plot data were averaged at the patch level, which made each patch a replication. Using the first and third quartiles and the median values, the continuous data were classified into three distinct classes when necessary (Table 1 ). The Dixon test was used for dominant height values to remove any outlier plot(s) (Laar and Akça 2007) . The data in every set of land-use, verified to be normally distributed Patches lying outside the predicted interval of the most widely applied growth model, Chapman-Richards function (Richards 1959) , were excluded to ensure that the rest of patches are on sites of the same quality. The Chapman-Richards function and its expanded forms are among the most commonly used equations in the development of site index curves (Johnson et al. 2009; Laar and Akça 2007 ).
An analysis of covariance (ANCOVA), followed by a Tukey post hoc test at 95% confidence level, was performed to assess the effect of different land-use systems on wood volume per hectare. The average age of the patch was considered as a continuous covariate.
Two-tailed, paired t-tests were conducted to assess differences between pairs of mean annual ring growth of trees from different land-use systems. Pearson's correlation analysis (95% CI) was used to compare the mean annual ring growth of trees and the total annual precipitation of the last available 24 years with 3-year intervals.
The minimum rotation age of woodlands in each land-use system was estimated using a logarithmic extrapolation of wood volume values versus the average age of the patches.
Considering the − 3/2 power rule (Yoda et al. 1963 ), a graphic comparison was made between the three landuse systems based on the tendency of their correspondent patches to follow a natural self-thinning trajectory. The rule states that there is a maximum tree size for a given stand density and that, on a log-log scale volume (V t ) equation of V t = aN b (the mortality line), the power coefficient (b) of the shoot density (N) tends toward − 1.5. Since only a few young and mid-aged patches in Co land-use system could be considered as fully stocked stands, the mortality line that would be the upper limit of stand density obviously could not be calculated for most plots. As noted by Weller (1987) , since the homogeneity of the patches was confirmed in all land-use systems, the slope of a least squares power regression that passes through the median was considered in this study as the slope of the self-thinning line.
To verify how stands are likely to change over time in the presence or absence of disturbances, and based on the concept of stand density index (SDI) (Reineke 1933 ), a log-log plot of D q against shoot density was designated for each land-use system. To determine whether all patches are evenly distributed over a linear SDI section, segregated SDI values were calculated for each class of quadratic mean diameter for every land-use system, after Reineke (1933) : log SDI = log N + b (1 − log D q ), where b is the calculated power coefficient in the equation of shoot density against volume.
Graphic work, data handling, and analysis were carried out using Excel (Microsoft, Redmond, WA, USA) and Minitab software (Minitab, State College, PA, USA).
Results
The selection to obtain 74 even-aged coppiced woodlands was particularly accurate, since every data set in each land-use set was normally distributed and had equal variances. The uniform distribution of quadratic mean diameter classes along the proposed growth function model visually showed a strong correlation between tree sizes at different ages (Fig. 2) . Using all the average age vs dominant height (h d ) data, the fitted Chapman-Richards' function [h d = 8.91 (1 − 0.02 × exp (−2.77 × age) 0.96 ] with coefficient of determination (r 2 ) of 0.87, explained all, except three patches. These outlier patches were located outside the prediction interval of the fitted model and removed from further analysis (Fig. 2) .
The analysis of covariance showed significant differences in mean wood volume per hectare among the three landuses (Table 2a ). Comparisons of the mean wood volumes showed that the differences detected favor the Co land-use system. The production advantage of the Co woodlands over the woodlands in the CoG and CoGC land-use systems was around 43 and 60 m 3 ha −1 , respectively (Table 2b) .
Visually, the mean annual diameter analysis during the past 43 years revealed a similar pattern of wood growth for the three land-uses. The paired t test showed that samples from the Co land-use system generally had higher mean annual diameter growth for most of the period, followed by CoG land use samples. However, the superiority of the Co and CoG samples was not statistically significant over the last 12 years, which coincided with a relative drop in annual precipitation (Fig. 3) .
Pearson's correlation analysis results between the total annual precipitation and annual ring growth of the samples from different land-use systems revealed that the woodlands Fig. 2 Fitted Chapman-Richards model of average age versus dominant height of the patches, grouped by quadratic mean diameter classes (small: circles, medium: squares, large: triangles). Three patches (circled) located outside the prediction interval (dotted lines) were considered as outliers and removed from the subsequent analysis Effects of different land-use systems (grazing and understory cultivation) on growth and yield… in CoGC system were more affected by the total annual precipitation, as more significant correlation values were obtained from the woodlands treated by this land-use. Woodlands in Co and CoG systems showed significant correlations between mean annual diameter growth and the total annual precipitation only during two time periods : 1994-1996 and 2006-2008 (Table 3) .
Calculated logarithmic models fitted on the wood volume values scattered over the average patch's age indicated high coefficients of determination (CoGC: 0.81, CoG: 0.89, Co: 0.93). Extrapolation of the regression curves to the lowest accessible wood volume indicates the minimum rotation ages of 30.9 years for the CoGC, 28.9 years for the COG and 23.6 years for the Co land-use (Fig. 4) .
The power regression lines (V t = aN b ) moderately fit the wood volume data as a function of shoot density (coefficients of determination of 0.41 for CoGC, 0.51 for CoG and 0.55 for Co land-use). According to the stand's rule of − 3/2, the woodlands in the Co and CoG systems with the power coefficient of − 1.44 and − 1.69, respectively, are predicted to more likely to shadow the growth of a fully stocked even-aged natural stand, compared to the corresponding coefficient for woodlands in CoGC system (− 0.50) (Fig. 5) .
In terms of density vs quadratic mean diameter, as speculated, different average SDI values were obtained for the three land-uses. The highest SDI value (with more than 1000 unit) belonged to woodlands in Co system (Fig. 6 ). In the same way, the segregated values for each class of quadratic mean diameter (the sub-SDI), showed little deviation in the sub-SDI values of the Co and CoG woodlands (coefficients of variation of 2.01 and 3.06%, respectively), as compared to that of CoGC (coefficient of variation of 18.89%). The data from different D q classes for each land-use system, also showed that unlike the sub-SDI lines in the two land-uses of Co and CoG, which are in line and parallel to each other, the sub-SDI lines in CoGC land-use system are very misaligned (Fig. 6 ).
Discussion
The high coefficient of determination of the growth curve of all patches (Fig. 2) showed that, regardless of the choice of land-use system, 96% of the randomly selected patches were located on a single growth function (site index of 6.6 m Table 3 Pearson's correlation coefficients of total annual precipitation from the Ardal Synoptic Meteorlogical station and mean annual diameter growth of samples from three land-uses in three-year intervals Co, simple coppice; CoG, coppiced woodlands, with grazing, and CoCG, coppiced woodlands with grazing and cultivation (for part of the year) Non-significant correlation values (with less than 95% confidence) are not shown Land-use 1994 Land-use -1996 Land-use 1997 Land-use -1999 Land-use 2000 Land-use -2002 Land-use 2003 Land-use -2005 Land-use 2006 Land-use -2008 Land-use 2009 Land-use -2011 Land-use 2012 Land-use -2014 Land-use 2015 Land-use -2017 at the age of 50 years). Regardless of the possible equality of the site productivity in the study area, this result might be explained by the fact that the local literatures have regularly considered the Brant's oak as one of the most adaptable tree species in the Zagros (Mohajer 2013) . More than that, the homogeneous equality of dominant heights in all the patches can be interpreted as a consequence of a common cause affecting these woodlands, the coppicing itself. Along with the soil fertility decline and nutrient depletion, which is attributed to coppicing (Goldsmith 1992) . Unmanaged clear-cuts such as those in the Zagros negatively impact the growth of Brant's oak trees and their rejuvenation ability (Jazireie and Ebrahimi Rostaghi 2013). The volume of the main product (i.e., wood) has significantly been reduced as a result of adding the other landuse components (grazing and/or cultivation) to the system (Table 2 ). This result is in agreement with other studies that have demonstrated the deteriorating effect of grazing (Plieninger et al. 2011; Valipour et al. 2014 ) and understory cultivation (Acácio and Holmgren 2014) on various aspects of oak forests ecosystems, although a decrease in the form of wood production has not been reported.
Detailed local data, such as those used in the study by Ohtsuka et al. (2010) were not available in the current study, for either gross primary production of understory vegetation or grazing livestock density and quantity of dung deposited by them. Nevertheless, what is perceived to be the destructive effects of the historic grazing and cultivation practices on the oak coppices is related to their well-known damaging effects on soil structure and hydrological functioning (Adams 1975) .
The results did not show any significant difference in the accumulated wood per hectare after adding the cultivation component to the coppice plus grazing (CoG) system, which can be interpreted as a fundamental negative effect by intensive grazing. Carbon cycle disruption by eliminating considerable amounts of biomass, soil nutrients depletion, and damage to undergrowth root systems have been recognized as the direct consequences of intensive grazing (Klumpp et al. 2009; Mapfumo et al. 2002; Raiesi and Riahi 2014) . There were no forest patches with understory cultivation only in the region; if that type of patch existed, it could answer the question of which component has the greatest effect on wood production.
The results also clearly showed that in non-drought years, there is an annual adverse effect of grazing and cultivation on the growth of coppiced semiarid coppiced Brant's oak. Similar to the results of accumulated wood volume, and in agreement with the results of previous work on cork oak high-forest (Acácio 2009; Vargas et al. 2013) , annual diameter growth values also indicated the superiority of the protected coppices over three decades (non-drought years). At the same time, no major difference was observed between the two unprotected coppiced woodlands in a sense of annual diameter growth. It can be deduced that in a year with typical rainfall, the diameter growth difference in the semi-arid coppiced oak woodlands can be used as an indicator for a long-term wood production reaction to the main allogenic stresses, in this case, grazing and understory cultivation.
The result of the significant difference between the overall 43-year average wood volume per hectare of Co and the two other land-uses cannot be applied to the last decade (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) of the study, which has coincided with continuous drought years. During this period, the annual ring growth values of all stand patches in the region were virtually equal, statistically and visually (Fig. 3 ). Whether this observation is linked to the concept of "diameter increment decrease", as Assmann (1970) coined it, or whether one of the severest documented droughts in the recorded climate history (Arsalani et al. 2018) caused it, the conclusion is following: (1) The annual growth data show that Brant's oak trees grown under different land-use systems, react in a same manner to substantial drop in total annual precipitation.
(2) For the reconstruction of past climatic fluctuations in semi-arid regions using dendrochronology analysis, the sampling priority should be oak trees grown in more favored environments (in this study, Co woodlands), since these trees are more affected by the environment regardless of their age. And (3) Brant's oak trees under coppicing regime are able to maintain a minimum diameter growth in a wide range of annual precipitation that may be related in part to its growth nature performance (Oliver and Larson 1996) .
As explained in the methodology section, although the concept of minimum rotation age is different from the last use of the phrase by Dwivedi et al. (2012) , it acceptably reflects the rotation age (Lee and Kim 1990) . The results indicated a one-third increase in minimum rotation age because of the multiple land-use of the Brant's oak coppices. As a main advantage, the short rotation age is the crucial factor for making the right decisions about choosing a coppice system over the common high-forest systems in the first step (Johnson et al. 2009 ), and recommending a correct thinning and pruning schedule, a timely conversion program, and an optimum density of standards in the second step (Buckley 1992) .
The main competition in a coppiced woodland occurs among raments of each genet; therefore, finding the maximum biomass production for each stem density class is problematic (Westoby 1984) . Likewise, the logarithmic regressions fitted to the volume-density ceiling spotted values, probably do not represent the real self-thinning lines of different land-use systems as in Portuguese cork oak woodlands (Fonseca et al. 2017 ). Yet, as shown by Condés et al. (2017) and Yang et al. (2018) , it assumes that the fitted regression lines in the present study are either parallel to corresponding lines formed by quantile regressions, or parallel to lines passing through ceiling points resulted from a large number of intermediate plots or allometric models (Pretzsch 2009 ). Thus, we conclude that, although the coppicing is the major stress on these woodlands, the Brant's oak woodlands, even in the presence of extensive grazing, can cope the cutting stress significantly better than when they are under pressure of understory rain-fed cultivation.
Woodlands under both Co and CoG land-use treatments have demonstrated self-thinning coefficients close to − 3/2, which can be speculated as follows: first, the self-thinning rule can be applied to coppiced semi-arid oak woodlands, even though they are constantly exposed to grazing by sheep and goats; and second, the symmetric competition outcome of the stand's rule of − 3/2 (Weiner et al. 2001 ) allows foresters to schedule stand growing stock based on yield tables for semi-arid oak coppices.
For CoGC patches, the coefficient of self-thinning line was closer to − 1/2, which can be interpreted as a greater independence of the slope of the self-thinning line from site index (Ge et al. 2017 ) when dealing with a serious disturbance such as understory tillage. Under these conditions, a forester has little choice to improve the growth rate of the stand and its yield simply by establishing a cutting program. Instead, the forester may request a restriction be placed on rain-fed cultivation with the simultaneous short-term exclusion of livestock in CoGC woodlands. On the basis of this result (Fig. 5) , and to improve the highly disturbed CoGC woodlands, the study recommends: (1) reforestation with a topping of mid-sized rootstocks to increase shoot density and (2) release of thick shoots from intra-rootstock competition to increase wood volume per hectare.
The SDI diagrams fitted to the patches of the Co woodlands and their corresponding values demonstrate a significant increase in the wood yield (represented by D q ) due to the decrease in shoot density. The results are in accordance with the allometric principles of Reineke's rule (Pretzsch and Biber 2005) . The patches in the CoG and CoGC landuses seem to have little difference in their SDI graphs, while in fact there are more than 500 SDI unit differences between them. It assumes that the difference is due to the greater difference between the sub-SDI units that belong to different D q classes in the CoGC patches.
Since only shoots with a diameter of more than 10 cm were considered as a separate individual stem, the SDI values in the current study were much higher than similar values in the North American oak high-forests in the reference work of Williams (2003) . No previous work has been found that reports the SDI value for a coppiced oak woodland. Accordingly, maximum SDI values of more than 1000 can be achieved for a semi-arid oak woodland with no other man-made disturbance except coppicing. SDI values of less than 400 (e.g., in CoGC woodlands) are highly likely to reflect irreversible degradation in coppiced oak woodlands due to severe artificial disturbances. In this situation, ordinary improvement cutting techniques can only be effective if long-term protection against understory cultivation becomes mandatory by the government.
Conclusions
By applying the traditional multi-use systems, the yield and annual growth of semi-arid coppiced oak trees decreased significantly. This result can be seen as an endorsement of the negative view of excessive use of forest resources. Despite initial findings indicating that the volume of accumulated wood and the annual growth of the cultivated and uncultivated woodlands do not differ under intensive grazing, subsequent results showed that the forest structures in the cultivated woodlands have been completely disrupted. The slope of the self-thinning line of cultivated woodlands is far from − 3/2, and their SDI values have fallen too low. The stress induced by the understory rain fed cultivation irreversibly degraded the oak coppices beyond restoration by regular forestry practices. Therefore, for sustainable forest management, traditional understory cultivation, as the most destructive factor, must cease and protection zones must be established in those areas. The results proved that the oak woodlands subjected to coppicing, even when densely grazed by sheep and goats, have a strong tendency toward the − 3/2 rule of self-thinning, suggesting that the simple and the grazed oak coppices can be easily converted to other silvicultural systems.
